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Abstract 
During the last few years, several studies have proposed the existence of a threshold 
separating classical from quantum behavior of objects that is dependent on the size and 
mass of an object as well as being dependent on certain properties usually associated with 
the universe as a whole. Here, we reexamine the results of these studies and recast the 
threshold criteria in terms of a critical threshold value for the moments of inertia of 
physical objects. Physical objects having moments of inertia above this critical threshold 
value would be expected to behave necessarily in a classical manner in terms of their 
center of mass motion as entire objects, while physical objects having moments of inertia 
lower than this threshold value could exhibit quantum behavior unless brought into 
classicality by other effects. A comparison with observed values of moments of inertia is 
presented, and the moment of inertia is suggested as a classifying parameter for 
examination of the quantum versus classical behavior of objects in the mesoscale domain. 
 
 
Introduction 
 
The transition between quantum physics and classical physics has presented a major 
intellectual enigma for about a century, and has been examined in a variety of 
experimental and theoretical studies. Interest in various aspects of this topic has 
continued in recent years (Zurek, 2002; Leggett, 2002; Bhattacharya et al., 2004; Adler 
and Bassi, 2009). Achieving a clearer understanding of the transition and of the boundary 
(or, more accurately, the boundary region) separating the behavior of macroscopic bulk 
matter objects governed by classical physics and the behavior of microscale objects 
would seem to be important for a number of fields (Habib).  
 
 At present, the transition from quantum to classical physics is widely recognized as 
having interaction with the environmnet as an essential element, and this is regarded as a 
fundamental physical origin of classicality (Joos, 2002; Zurek, 2002; Bhattacharya et al., 
2002). One aspect of this, quantum decoherence is the dynamical suppression of quantum 
interference effects induced by the environment, and the key idea promoted by 
decoherence is the insight that realistic quantum systems are never isolated, but are 
immersed in the surrounding environment and interact continuously and unavoidably 
with it (Habib, Schlosshauer). Thus, macroscopic systems never cease to interact 
uncontrollably with their environment (even including ambient gravitational fields), thus 
giving rise to decoherence, and hence to their classical behavior (Zeh, 2006; Zeh, 
website; Penrose; Wang et al.). In short, decoherence brings about a local suppression of 
interference between preferred states selected by the interaction with the environment 
(Schlosshauer). 
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Because it is fairly widely accepted that environmental entanglement and the 
corresponding decoherence processes can play a crucial role in the quantum-to-classical 
transition and the emergence of classicality from quantum mechanics, the classical 
behavior of objects tends to be regarded as generated through irreversible interactions 
with the surroundings (Schlosshauer and Camilleri). Accordingly the origin of local 
classical properties is thought to originate in the nonlocality of entangled quantum states 
(Joos, 2002). Decoherence can be seen as a theory of universal entanglement (Joos, 
website; Zeh, 2006). 
 
A further difficulty with decoherence is that it leaves certain important questions 
unaddressed or insufficiently addressed (Joos, website). Notably, decoherence does not 
explain quantum probabilities directly and it does not resolve the quantum measurement 
problem as it is usually stated, although efforts have been applied in both of these 
directions (Habib; Joos, website; Zurek, 2009).  
 
However, decoherence itself is an explanation that is inherently complex in principle 
(Joos, website). Thus, examining simpler approaches would seem to make sense so as to 
be able to develop as straightforward an understanding as possible of the origin and 
nature of the quantum-classical transition. 
 
The robustness of classical behavior, both in the aspect that assembling a sufficiently 
large number of quantum objects together seems invariably to produce a classically 
behaved object, and for the robustness of classical states with respect to observation or 
measurement, would also seem to be a reason for seeking further clarification of the 
quantum-classical transition. 
 
Furthermore, there is evidence that certain additional effects may be involved in quantum 
to classical transitions (Kofler and Brukner; Leggett, 2005; Adler and Bassi; 
Bhattacharya et al., 2004; Herzenberg, 2006(a) – 2007(c)). These include, for example, 
size limitations in measurement processes, continuous spontaneous localization, the 
effects of continuous observation, and limitations imposed by certain characteristics of 
our universe as a whole. Thus, there would appear to be a number of different additional 
physical processes that may be providing mechanisms that could lead to emergent 
classicality. It would seem that a combination of such different physical effects may 
together contribute to creating the observed separation or boundary between quantum and 
classical behavior that characterizes the physical objects in our world.  
 
The borderline between the two different regimes from quantum to classical seems to be 
by no means precisely identifiable (Bassi). It would seem that we should speak of 
boundaries rather than boundary, in part, as noted, because different physical processes 
may be causing transitions between quantum and classical behavior under different 
conditions. Furthermore, it would seem appropriate also to speak of boundaries because 
different parts or aspects of a type of physical structure may exhibit quantum-to-classical 
transitions in the structure’s behavior under somewhat different conditions. That is, we 
should speak of boundaries rather than boundary, insofar as the distinction between 
classical and quantum behavior may differ not only in different physical systems, but also 
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with respect to the different degrees of freedom or specific types of behavior involved: 
that is, the boundaries between quantum and classical may differ depending on whether it 
is the localization of location of an entire object that is in question, or whether 
conformational changes in shape or changes in rotational or vibrational motion may be 
under consideration (Bhattacharya et al., 2002, 2004).  
 
To clarify this point with an example, the class of pyramidal molecules exhibit what may 
be regarded as a particular case of a quantum-classical boundary as a function of their 
mass and size. This occurs in the behavior of the molecules with respect to inversion. The 
smallest pyramidal molecule, ammonia, can tunnel quantum mechanically from one state 
to another via an umbrella inversion (Joos, 2002; Denker). Larger related pyramidal 
molecules, which do not exhibit such quantum tunneling, tend to maintain a fixed 
geometrical molecular framework. The distinction in behavior between the ammonia 
molecule that exhibits quantum mechanical tunneling, and related molecules with similar 
structures but heavier ligands which do not exhibit quantum mechanical tunneling 
between the two inversion-related states, can be regarded as a quantum-classical 
boundary, but is a distinct phenomenon from the quantum-classical boundary with 
respect to the translational or displacement motion of an entire object that we are 
primarily considering here.  
 
Identifying classical behavior seems familiar and straightforward, with localization as its 
most prominent characteristic. Identifying quantum behavior with respect to translational 
motion seems to be demonstrated most clearly by establishing the presence of 
interference effects. Quantum behavior has been amply demonstrated for electrons in 
electron interferometry, and interference experiments have also demonstrated quantum 
behavior for neutrons, helium atoms, hydrogen molecules, diatomic molecules, and some 
larger molecules (Arndt and Hornberger). (Experiments on the diffraction of atoms and 
hydrogen molecules are almost as old as quantum mechanics itself (Leggett, 2002).) 
Among the largest structures for which quantum behavior has been demonstrated for the 
entire structure are fullerene molecules; the interference of fullerenes each consisting of 
60 or 70 carbon atoms has been demonstrated using interferometry (Arndt and 
Hornberger; Leggett, 2002). Efforts are under way to attempt to observe interference of 
even more massive molecules (Arndt and Hornberger). Molecular diffraction experiments 
on center-of-mass interferences of large molecules such as hemoglobin or even small 
viruses have been discussed, and further interferometric experiments with even larger 
molecules will be needed to further explore the characteristics of the behavior of physical 
structures represented in the size range in the large gap in mass and size between bulk 
matter and individual atoms or molecules, that is, in the intermediate mesoscopic region 
in which a gradual transition from well established quantum phenomena to classical 
appearances takes place (Leggett, 2002). 
 
It would seem to be of interest to continue to examine additional potential candidate 
processes for causing a quantum-classical transition, in part in order to find out whether 
simpler explanations than universal entanglement may account for some aspects of the 
quantum-classical transition which is such a manifest feature of our world. 
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Earlier studies: Effects of large-scale properties of the universe 
 
In the present study, we are interested in following up on earlier studies that have 
suggested that certain large-scale properties of the universe may have a role in affecting 
the transition between quantum behavior and classical behavior of objects. These studies 
appear to have shown that certain properties of the universe related to its expansion or 
temporal duration that can be expressed in terms of the Hubble constant or similar 
parameters appear to have a role in effecting the quantum-classical transition.  
 
In the different studies, potential limitations on quantum behavior introduced by different 
general characteristics of a finite, expanding universe were explored, and estimates were 
made of limitations on the extent of quantum waves, and of uncertainties in position of 
objects dependent on general properties of the universe. 
 
These studies have all led to the conclusion that sufficiently large objects must behave 
classically, and the studies individually introduce threshold criteria for “sufficiently 
large”. Interestingly enough, these earlier papers that were variously based on different 
physical arguments have come up with roughly similar criteria for a threshold between 
quantum and classical behavior. Arguments based on the Heisenberg uncertainty 
principle in the presence of Hubble expansion; random motion in the context of the 
stochastic quantum theory; wave packet dispersion over time; and constraints on wave 
packet behavior due to the finite temporal extent of the universe have all led to closely 
related criteria for a critical threshold size separating quantum behavior from classical 
behavior (Herzenberg, 2006(a) – 2007(c)).  
 
In the present paper, we show that such criteria can be expressed more directly and 
simply in terms of a threshold moment of inertia, and we go on to compare this threshold 
with observed values of the moment of inertia over an extensive range of physical 
structures. 
 
In the preceding studies, what might be considered non-quantum mechanisms dependent 
on specific properties of the universe associated with its expansion and finite duration 
lead, for example, to restrictions on the extent of quantum waves or to quantum 
uncertainty. These mechanisms appear to lead to the realization of classical behavior for 
sufficiently large objects, even as the behavior of these objects is described as subject to 
quantum mechanics. By processes such as the clipping off in time of potentially infinitely 
extended monochromatic waves into finite wave packets contained within a universe of 
finite duration, or the introduction of potential uncertainties in velocity and position of 
semiclassical objects in association with the local expansion of space, physical objects 
that might otherwise be regarded as completely delocalized quantum objects or 
completely localized classical objects are subjected to additional localization or 
delocalization effects affecting the extent of their spatial probability distributions.  
 
Before going on to introduce a new perspective on these results, a brief outline of one 
approach will be given so as to exemplify where the threshold criteria can come from.  
 5 
 
 
The duration of the universe since its inception at the Big Bang limits the total amount of 
time available for any physical process, and in particular would seem to set an obligatory 
maximum temporal extent for any quantum wave. Since the time and frequency spectra 
of wave functions are related by a Fourier transform (Robinett), this limitation on the 
temporal extent of quantum waves then essentially causes every quantum wave in effect 
to become a wave packet, and accordingly leads to an obligatory minimum width in 
frequency for every quantum wave packet in the universe.  As a consequence, there 
cannot be perfectly monochromatic waves in such a temporally limited universe.  
 
But each such quantum wave is characterized by a wave number/wave length describing 
its spatial behavior as well as a frequency describing its temporal behavior, and these are 
related, so that the spatial characteristics of each participating wave must be in accord 
with its temporal characteristics. As a result, the obligatory minimum width in frequency 
must be accompanied by an associated minimum width in wave number for such a 
quantum wave packet. (This obligatory width in wave number will also depend on the 
object’s mass and the wavelength of the quantum wave.) The minimum width in wave 
number for such a nearly pure frequency wave packet then affects its spatial extent, since 
spatial wave amplitudes and wave number amplitudes also are related by a Fourier 
transformation (Robinett). The obligatory spatial width for such a wave packet having a 
nearly pure frequency and wave number in a temporally limited universe then turns out to 
be ∆x ≈ hT/mλ where T is the duration of the universe, m is the mass of the quantum 
object, and λ is the wavelength of the quantum wave. Thus, no quantum wave packet in 
the universe can be sharper in frequency than the minimum width in frequency, and these 
nearly pure frequency waves must also be characterized by this necessary spatial width. 
Accordingly, even the most nearly monochromatic quantum waves are actually 
obligatory wave packets and so must have a limiting spatial extent.  This limiting spatial 
extent of wave packets depends inversely on the mass, and so will be smaller for massive 
objects.  Next, the usual specification for minimal wave packets that the spatial width of 
the wave packet should be comparable to its wavelength is applied (Robinett). This leads 
to a result that such a quantum wave associated with an object in a temporally limited 
universe will have a minimum width ∆x ≈ (hT/m)½. This result could be viewed as a kind 
of intrinsic core width of the quantum wave structure associated with any object. 
 
The threshold criteria for classical behavior developed in these earlier studies were based 
on a requirement that the size of the quantum wave structure associated with an object (or 
the quantum uncertainty in its location) should be smaller in extent than the physical size 
of the extended object (in contrast to having the quantum wave structure extend beyond 
the physical size of an extended object, in order to exhibit more typically quantum 
behavior). Thus, the requirement for more classically behaved objects would be that the 
region of non-zero probability density associated with the location of the center of mass 
of the object would be confined to the interior of the object, so that the object would be 
localized and would not have its wave structure extend appreciably beyond its physical 
extent; while the requirement for objects to exhibit more typically quantum behavior 
would be that the quantum probability density would extend beyond the boundaries of the 
object, so that the object would be more delocalized.  
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These different approaches have all led to similar criteria for a quantum-classical 
boundary. In the simplest case, these requirements result in the following equation for an 
approximate object size separating these two types of behavior: 
 
L2 ≈ h/(4πmHo)                                                        (1) 
 
Here L is a linear measure of the size of the object; m is the mass of the object; Ho is the 
Hubble constant, and h is Planck’s constant. This equation provides a rough estimate of a 
threshold size; and the various approaches in the studies referenced above lead to 
comparable relationships in equations having somewhat different numerical coefficients. 
For a given mass, objects having sizes considerably larger than this critical value would 
be expected to exhibit classical behavior in their translational motion, whereas objects 
having sizes appreciably smaller than this critical value would be expected to be able to 
exhibit quantum behavior. 
 
The above evaluations were used to define what was identified as the critical size for an 
object. Thus, the critical size associated with an object of mass m will be given by the 
equation: 
 
Lcr = [h/(4πmHo)]
½                                                        (2) 
 
The preceding studies were based on establishing a separation between quantum and 
classical behavior with respect to translational motion, and discussed the significance of 
the critical threshold parameters in terms of size, mass, density and related parameters 
characterizing the object. However, it turns out that the threshold separating classical 
from quantum behavior based on this requirement can also be expressed and examined 
even more easily in terms of the magnitude of the moment of inertia of the object in 
question. 
 
 
The moment of inertia and its role 
 
The moment of inertia of a classical object is given as the sum over the discrete point 
elements of mass composing the body of the product (mr2), where m is a discrete element 
of mass and r is the distance of the mass element from a fixed axis; or in the case of a 
continuous distribution of matter, the moment of inertia is defined as the corresponding 
integral (Wikipedia, moment of inertia).  
 
We will be concerned primarily with the moment of inertia of an extended object with 
respect to its center of mass. This can be written in a general form dependent only on the 
mass and a linear measure of the size of the object. Based on dimensional analysis alone, 
the moment of inertia I of a non-point object must take the form: I = kmR2 , where m is 
the total mass, R is the radius of the object measured from the center of mass, and k is a 
dimensionless constant, the inertia constant, that depends on the object’s distribution of 
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mass (Wikipedia, moment of inertia). (As a familiar case in point, the moment of inertia 
of a solid sphere about its center of mass is given by I = (2/5)mR2.)  
 
Thus, it is apparent that, within an order of magnitude or so, the moment of inertia I of a 
classical object with respect to its center of mass can be estimated at least roughly by the 
quantity mL2, where L is a length parameter describing the size of the object: 
 
I ≈ mL2                                                                     (3) 
 
 
Recasting the threshold criterion in terms of moment of inertia 
 
We can write an equation for the critical threshold size of an object that roughly separates 
quantum behavior from classical behavior in terms of the moment of inertia of the object 
rather than in terms of its mass and size. If we combine Eqn. (3) with Eqn. (1), we find 
that the value I ≈ h/4πHo gives us an approximate expression for a value of the moment 
of inertia that would be expected to separate objects that would behave classically from 
those that would behave quantum mechanically, according to these criteria. 
 
This provides us with an estimate of a threshold value for the moment of inertia that 
would be expected to separate quantum behavior from classical behavior, which we will 
designate the threshold moment of inertia: 
 
Ith = h/(4πHo)                                                            (4) 
 
This provides a very straightforward proposed criterion for a boundary separating objects 
potentially exhibiting quantum behavior from those necessarily exhibiting classical 
behavior. 
 
Let us put in the numbers. We will use h = 6.63 x 10-34 joule-seconds as the value for 
Planck’s constant, and Ho = 2.3 x 10
-18 sec-1 as the value for the Hubble constant.  
Inserting these values into Eqn. (4), we can evaluate a numerical value for the parameter 
that we have called the threshold moment of inertia in mks units as: 
 
Ith = 2.3 x 10
-17 kg·m2                                                    (5) 
 
This result tells us that, approximately speaking, any object with a moment of inertia 
larger than about10-17 kg·m2 would be expected to behave in a classical manner, while 
any object with a moment of inertia smaller than about10-17 kg·m2 may exhibit quantum 
behavior. This threshold results from limitations imposed on quantum objects by 
properties of the universe as a whole that are related to its duration and expansion. This 
criterion would seem to enable us to set a rough threshold separating generally classical 
behavior from generally quantum behavior. As noted earlier, other processes can and do 
contribute to bringing about classical behavior from quantum behavior, and would be 
expected to lead to classical behavior in various circumstances for objects with moments 
of inertia below this threshold. 
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Comparison of the threshold moment of inertia with some observed moments of 
inertia of classical and quantum objects 
 
The moment of inertia is basically a classical concept; however, it has a role in quantum 
physics also, notably in cases in which the moment of inertia is used in conjunction with 
the description of rotational states. Moments of inertia of classical objects can be 
calculated or measured directly; and the differences in energies between the rotational 
states of a quantum object (such as the band spectra of molecules) can be measured, 
allowing for an associated moment of inertia to be evaluated from experimental 
measurements. 
 
To begin with, let’s look at the moments of inertia of some large physical objects. For a 
case of a very large object exhibiting classical behavior we could consider a planet: in the 
case of the Earth, the moment of inertia of the Earth is approximately 8.0 x 1037 kg·m2, 
some 54 orders of magnitude above the threshold value for a moment of inertia just 
derived (Wolfram research). As another example of a classical object, an object about a 
meter in diameter with a density comparable to that of water would have a moment of 
inertia  roughly 50 kg·m2,  some 18 orders of magnitude above the threshold moment of 
inertia. As another example, a small ordinary macroscopic object about a centimeter in 
size would have a moment of inertia roughly 10–7 kg·m2, which is about 10 orders of 
magnitude larger than the critical or threshold moment of inertia evaluated above. 
Clearly, macroscopic objects including the ordinary ones that we deal with in everyday 
life, which have masses of grams or kilograms and sizes of centimeters or meters, will 
have moments of inertia well above the threshold and will easily satisfy this criterion for 
classical behavior. Accordingly, all very large objects and the objects that we deal with in 
everyday life must be well within the classical range according to this new criterion.  
 
Next, let’s consider slightly smaller objects, for example a spherical object of density 1 
gram/cc that has a radius of approximately 0.1 mm. Such an object would have a moment 
of inertia close to the threshold value for the moment of inertia. Thus, the size of what 
might be a typical object having a moment of inertia at the critical threshold is somewhat 
smaller than the sizes of many classical objects, but is still fairly close to the scale of the 
familiar everyday objects that we recognize as unquestionably classical. This case 
exemplifies how an object having a moment of inertia approximately equal to the 
threshold moment of inertia is a small object, somewhat smaller than most familiar 
human-sized objects, but clearly nowhere near the realm of atomic structure where we are 
assured that quantum behavior sets in. This leaves a very large range of transitional and 
quantum behavior at much smaller sizes below the threshold. 
 
We will examine some additional examples of other physical objects, including a range 
of smaller ones. 
 
To move to a biological example, the largest free-living amoebas grow as large as 1-5 
mm (Tan et al.). Such amoebas could have masses larger than a microgram, and moments 
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of inertia in the range of 10-12 kg·m 2. According to the present criterion, these 
exceptionally large amoebas should exhibit classical behavior. 
 
Bacteria and other prokaryotes typically have sizes of a few microns. Thus they would be 
expected to have moments of inertia very roughly of the order of magnitude of 10-27 
kg·m2, some ten orders of magnitude smaller than the threshold, and thus these objects 
would be expected to behave in a quantum manner unless brought into classicality by 
other effects.  
 
Most viruses that have been studied have diameters between about 10 and 300 
nanometers (Wikipedia, Virus). We could estimate that  typical viruses might be expected 
to have moments of inertia of the order of magnitude of 10-33 kg·m2 to 10-35 kg·m2;  the 
moment of inertia of a tobacco mosaic virus has been reported in this range (Starodub et 
al.). Moments of inertia such as these would put viruses well within the range of quantum 
behavior for entire objects according to the present criterion, and they would be expected 
to behave in a quantum manner unless brought into classicality by other effects.  
 
In regard to nanoscale structures, in nanotechnology, the generic upper size limit is about 
100 nanometers (Goldstein). For a couple of examples: A metal paddle referred to in a 
numerical study of nanotube-based torsional oscillators is described as having a moment 
of inertia of  2.4 x 10– 38 kg·m2 (Xiao and Hou). Also, a micro-motor with equivalent 
moment of inertia equal to 5 x 10– 20 kg·m2 is discussed in terms of Newtonian mechanics 
in an examination of mathematical models and designs for nano- and 
microelectromechanical systems (Lyshevski). According to the present criterion, these 
objects would be below the threshold of obligatory classical behavior and could be within 
the range of possible quantum behavior unless brought into classicality by other effects. 
 
Biomolecular machines may also be of interest (Chowdhury). In regard to 
macromolecules and polymers, macromolecules range in size roughly between about 1 
and 10 nanometers. With respect to polymers, the radius of gyration is directly 
measurable by light scattering, neutron scattering, and small angle x-ray scattering 
experiments. Since the radius of gyration rg = (I/m)
½ this enables evaluation of the 
moment of inertia (Rudin). A macromolecular assembly such as a ribosome might be 
expected to have a moments of inertia of the order of magnitude of 10-35 or 10-36 kg·m2, 
in approximate agreement with reported values (Starodub et al.). 
 
A smaller macromolecule, the medium-sized protein lysozyme, is reported to have a 
moment of inertia of 5 x 10-41 kg·m2 (Starodub et al.). It would be well below the 
threshold of obligatory classical behavior also, and would be expected to behave in a 
quantum manner unless brought into classicality by other processes. 
 
For present purposes, a very interesting case is that of intermediate size molecules, in 
particular the fullerenes (Arndt and Hornberger; Krause et al.; Roduner et al.). The 
diameter of a C60 fullerene buckyball is about a nanometer. A value for the moment of 
inertia of a fullerene buckyball (C60) has been referred to in the literature as 1.0 x 10
-43 
kg·m2 (Roduner et al.); additional measurements have been reported for other fullerenes. 
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Quantum interference experiments with fullerenes (C60 and C70 molecules) have been 
carried out (Joos, 2002; Arndt and Hornberger).  Research groups have sent fullerene 
molecules with 60 or 70 carbon atoms each through the equivalent of two-slit 
interference equipment, dramatically displaying their quantum wave nature as entire 
objects in translational motion. These quantum interference experiments have established 
clearly that these fairly large molecules can behave quantum mechanically with respect to 
their translational motion. 
 
Smaller molecules have even smaller moments of inertia. The moments of inertia for the 
water molecule with respect to different axes through the center of mass are in the range 
of about 1 x 10– 47 kg·m2 to 3 x 10– 47 kg·m2 (Chaplin). Rotational transitions of diatomic 
molecules occur in the microwave region, and can be studied directly using microwave 
spectroscopy. The moment of inertia for the carbon monoxide molecule is indicated to be 
4.49 x 10– 49 kg·m2 (Yates and Johnson). These moments of inertia value are some 31 
orders of magnitude below the critical threshold and thus are well into the range of 
quantum behavior.  
 
Nuclei are even smaller and have smaller moments of inertia: semiclassical spherical 
rigid-body estimates on the basis of size and mass of nuclei lead to moments of inertia 
that would range up to about 10-53 kg·m2.  As a particular case, the moment of inertia for 
a rotational transition of the gadolinium isotope 152Gd has been reported at about 5 x 10-54 
kg·m2 from experimental values of rotational nuclear energy levels (Loveland et al.). 
Nuclei have moments of inertia in the range of and below roughly 37 orders of magnitude 
smaller than the critical moment of inertia.   
 
By comparing the magnitudes of these observed moments of inertia with the new 
threshold criterion, we see that it the magnitudes of moments of inertia of large 
classically behaved objects are well above the threshold, while the magnitudes of the 
moments of inertia of physical objects that have been shown by quantum interference 
experiments to behave quantum mechanically with respect to their translational motion 
are all far below this new threshold criterion. Thus, the resulting classification would 
seem to be compatible with the properties of clearly classical and, at least in some 
instances, clearly quantum objects. In the rather large intermediate mesoscale region, 
other effects and criteria such as local decoherence can be expected to have a significant 
role. 
 
 
Discussion 
 
In answer to the question, “Why do macroscopic objects seem to be always well localized 
in space?”, the studies on which this paper is based respond that it is because these 
objects exist in a finite, expanding universe. We have here recast the quantitative aspect 
of these studies in terms of the moment of inertias of physical objects. 
 
These effects of a finite, expanding universe on a semiclassical or quantum object might 
be considered to be due to interaction of the object with its environment in the most 
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general sense, and hence might be regarded as a special case of environmental effects 
leading to classicality. However, as we have seen, a direct and straightforward rather than 
general approach has led rather easily to useful results. 
 
This new threshold criterion distinguishes classical from quantum objects on the basis of 
the magnitude of the moment of inertia of the physical object and proposes a rough 
boundary between quantum and classical behavior. The resulting classification would 
seem to be compatible with the properties of clearly classical and, at least in some 
instances, clearly quantum objects. In the rather large intermediate mesoscale region, and, 
as noted, other effects and criteria such as local decoherence processes can be expected to 
have a significant role. 
 
The moment of inertia may be of some value in simply providing a clear and simple 
measure using a single parameter that ranges over many orders of magnitude between 
structures that exhibit manifestly quantum behavior, and those that exhibit manifestly 
classical behavior. The magnitude of the moment of inertia varies rapidly with size and 
mass, and accordingly could be expected to provide a sensitive parameter that might 
prove particularly useful for the examination and classification of physical objects, 
including macromolecular and nanoscale objects, in the large mesoscopic region between 
well established quantum behavior and manifest classical behavior, where some systems 
may be neither fully quantum nor fully classical in their dynamics. 
 
The rather interesting question of why the magnitude of the moment of inertia of an 
object might serve as a parameter useful for classifying and distinguishing objects 
according to their behavior as predominantly quantum or classical with respect to their 
translational motion, will be taken up in a separate article. 
 
 
Summary 
 
We have identified a threshold or critical value of the moment of inertia that provides a 
single parameter separation criterion above which objects should exhibit obligatory 
classical behavior and below which objects could exhibit quantum behavior, based on 
certain properties of the universe at large that could potentially affect the quantum-
classical transition. This result, that the magnitude of the moment of inertia of an object 
can be compared to a threshold value requiring classicality, provides a very 
straightforward approach to the quantum-classical boundary issue. Comparison with 
observed moments of inertia suggests that this criterion does in fact to provide a 
reasonable threshold above which classical behavior is always present. 
 
Other processes such as conventional decoherence would seem to be needed in order to 
understand and predict or retrodict the prevalence of quantum in contrast to classical 
behavior within the transition mesoscopic region between clearly evident classical 
behavior and fully quantum behavior.  
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